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Synthesis, crystal and electronic structure, and physical properties of the Mo6Ga31 endohedral
cluster superconductor are reported. The compound has two crystallographic modifications, mono-
clinic and triclinic, in which the same {Mo12Ga62} building units are perpendicular or codirectional
to each other, respectively. Monoclinic and triclinic structures of Mo6Ga31 possess qualitatively the
same electronic density of states showing a high peak at the Fermi level. Both modifications are in-
herently present in the bulk specimen. Due to the proximity effect, bulk Mo6Ga31 exhibits single su-
perconducting transition at the critical temperature of 8.2 K in zero magnetic field. The upper criti-
cal field, which is 7.8 T at zero temperature, shows clear enhancement with respect to the Werthamer-
Helfand-Honenberg prediction. Accordingly, heat capacity measurements indicate strong electron-
phonon coupling in the superconducting state with the large ratio of 2∆(0)/(kBTc) = 4.5, where
2∆(0) is the full superconducting gap at zero temperature.
I. INTRODUCTION
Recently, the transition metal-embedded Ga clus-
ters were proposed as a structural motif favorable for
superconductivity.1 Endohedral Ga clusters centered by
atoms of 4d or 5d transition metals can be found in
the crystal structures of Ga-rich binary intermetallic
compounds, among which Mo8Ga41 with Tc = 9.8 K,
2
Mo6Ga31 (8 K),
3 Mo4Ga21−x−δSnx (5.85 K),4 ReGa5
(2.3 K),1 Rh2Ga9 (1.9 K),
5 and Ir2Ga9 (2.2 K)
5 exhibit
superconducting properties. In this list, the Mo-based
superconductors are distinguished by higher critical tem-
peratures. A closer look reveals that they possess non-
trivial superconducting-state propeties deviating from
the Bardeen-Cooper-Schriffer (BCS) model.
For Mo8Ga41, measurements of heat capacity indicate
strong coupling superconductivity with the full super-
conducting gap of 2∆(0)/(kBTc) = 4.4 exceeding sig-
nificantly the weak-coupling BCS limit.6,7 Furthermore,
muon spin rotation/relaxation (µSR) experiments show
possible multigap or multiband superconductivity8 that
may originate as a result of the site-selective mechanism
involving two Fermi-surface sheets with different band
velocities.9 In the two independent studies, scanning tun-
neling spectroscopy was employed to directly probe the
multigap behavior of Mo8Ga41. While measurements on
a polycrystalline sample confirmed the two-gap scenario,7
study of single crystals revealed the formation of surface
domains, where spatially resolved single-gap order pa-
rameter was observed.9
Besides Mo8Ga41, there are Mo6Ga31
3 and
Mo4Ga21−x−δSnx4 endohedral cluster superconductors,
and the latter shows strong coupling superconductivity
similar in nature to Mo8Ga41. Focusing on Mo6Ga31
with Tc = 8 K, its properties are scarcely characterized
in the literature.3 The available information is based on
the AC susceptibility and magnetization measurements
carried out on a sample with the MoGa4 nominal
composition, which do not correspond to the actual
composition of the compound. Moreover, the exact
elemental and phase composition of the sample were not
reported in Ref.3. The measurements revealed supercon-
ductivity of the sample below Tc = 8 K in zero magnetic
field with the upper critical field of µ0Hc2(0) = 7.4 T
extrapolated to zero temperature.3
Crystal structure of Mo6Ga31 was probed in two inde-
pendent studies. In the original investigation, monoclinic
crystal structure, the P21/c space group, was reported.
10
However, single crystals, which adopt triclinic crystal
structure, the P -1 space group, were also obtained un-
der different synthetic conditions.11 Both structures of
Mo6Ga31, monoclinic and triclinic, are based on the same
building unit, which is shown in Figure 1(a). The main
building unit consists of Mo-embedded Mo@Ga10 clus-
ters and Ga-centered Ga@Ga12 cuboctahedra. Twelve
Mo@Ga10 clusters form a distorted rectangular super-
prism, {Mo12Ga62}, where each Mo@Ga10 cluster shares
its triangular faces with the Ga@Ga12 cuboctahedron,
and two adjacent Ga@Ga12 cuboctahedra have a com-
mon rectangular face. In the monoclinic and triclinic
structures, these building units connected by corners are
perpendicular or codirectional to each other, respectively
(Fig. 1(b,c)).
Here, we report on the synthesis, physical properties,
and electronic structure of the Mo6Ga31 endohedral clus-
ter superconductor, a compound, which is closely related
to the Mo8Ga41 and Mo4Ga21−x−δSnx superconductors
in the strong coupling regime. Mo8Ga41, Mo6Ga31, and
Mo4Ga21−x−δSnx build up structural series with the gen-
eral formula of MonGa5n+1, where n corresponds to the
ar
X
iv
:2
00
4.
05
42
5v
1 
 [c
on
d-
ma
t.s
up
r-c
on
]  
11
 A
pr
 20
20
2FIG. 1. (a) Main building unit of the Mo6Ga31 crystal struc-
ture composed of Mo@Ga10 polyhedra (gray) and Ga@Ga12
cuboctahedra (green). The arrangement of building units in
the monoclinic (b) and triclinic (c) structures is shown in the
bottom part of figure.
number of Mo@Ga10 polyhedra (Mo@Ga9Sn in the case
of Mo4Ga21−x−δSnx) condensed on one Ga@Ga12 cuboc-
tahedron in the main building unit. In this study, we
investigate the superconducting state of Mo6Ga31 in or-
der to measure the electron-phonon coupling and analyze
how it correlates with the critical temperature, density
of states at the Fermi level, valence electron count and
other crucial parameters in the MonGa5n+1 series of su-
perconductors.
II. EXPERIMENTAL DETAILS
Mo6Ga31 was synthesized using the standard ampule
technique. The stoichiometric mixture of Mo (4N , pow-
der) and Ga (5N , pieces) was placed inside a quartz
ampule, which was evacuated to the residual pressure
of 5 × 10−3 mbar and flame-sealed. To obtain a poly-
crystalline specimen of Mo6Ga31, the ampule was an-
nealed in a programmable furnace at 700 ◦C for 14 days
with one intermediate grinding. The resulting black pow-
der, which contains Mo6Ga31 with no admixture of other
compounds, was used for thermodynamic and electri-
cal transport measurements. Single crystals of Mo6Ga31
suitable for structural studies were selected from the
specimens prepared under different synthetic conditions
employing crystal growth from the high-temperature
melt (see Section III.A for details).
High-resolution powder X-ray diffraction (HRPXRD)
measurements were performed at the ID22 beam line
(λ = 0.35451(1) A˚, 2θmax = 28
◦) of the European Syn-
chrotron Radiation Facility (ESRF, Grenoble, France).
Measurements were conducted at room temperature and
at elevated temperatures using a hot-air blower on a sam-
ple enclosed in a fused silica capillary with a diameter
of 0.3 mm. Le Bail fittings of the HRPXRD data were
performed using the Jana2006 program.12 HRPXRD pat-
terns collected at elevated temperatures are presented in
the Supporting Information. Polycrystalline specimen of
Mo6Ga31 was studied by differential scanning calorimetry
(DSC) using a STA 409 PC Luxx thermal analyzer (Net-
zsch). Measurements were performed in high-purity Ar
atmosphere at temperatures between 30 ◦C and 600 ◦C
with the heating/cooling rate of 10 ◦C/min, and the re-
sults are presented in the Supporting Information.
Three-dimensional electron diffraction (3D ED) pat-
terns were collected on a Themis Z transmission electron
microscope operated at 300 kV employing the InsteaD-
Matic script13 for data acquisition. In a typical experi-
ment, a crystal is continuously rotated while ED frames
are collected over the tilt range of ±50 ◦ with the rotation
speed of 0.43 ◦/s. The exposure time of 0.3 s was used in
the experiments. 3D ED patterns were visualized by the
REDp program.14 The collected 3D ED patterns and the
corresponding energy-dispersive X-ray (EDX) specta are
presented in the Supporting Information.
Single-crystal X-ray diffraction experiments were per-
fomed on a Bruker D8 Venture diffractometer (Mo X-
ray source, graphite monochromator, λ = 0.71073 A˚,
T = 100 K) equipped with a Photon 100 CMOS detector.
For the absorption correction, the multi-scan routine was
employed. The crystal structures were determined by the
charge-flipping algorithm using the Superflip program,15
and refiend against |F 2| using the SHELXL-201816 and
Jana2006 programs.12 The atomic coordinates were stan-
dardized using the STRUCTURE TIDY program17 as
implemented in the VESTA software,18 which was also
used for visualization of crystal structures.
Electronic structure calculations were performed
within the framework of density functional theory us-
ing the full-potential local-orbital minimum-basis band-
structure code FPLO (version 14.00-47).19 The experi-
mental structural data based on single-crystal XRD mea-
surements were used in calculations. In the scalar rela-
tivistic regime, local density aproximation was used to
treat the exchange and correlation energy.20 Integrations
were performed by the improved tetrahedron method21
on a grid of 12 × 12 × 12 k-points in the first Brillouin
zone.
Electrical resistivity was measured by the standard
four-probe technique using the AC transport option of a
Physical Property Measurement System (PPMS, Quan-
tum Design) at temperatures between 2 K and 300 K
in magnetic fields from 0 T to 10 T. For measurements,
a rectangular-shaped pellet with typical dimensions of
8×3×1 mm3 was prepared by pressing the polycrystalline
specimen at the external pressure of 4 kbar at room tem-
perature. Cu wires with the diameter of 100µm were at-
tached to the pellet using silver-containing epoxy resin.
3Magnetization measurements were conducted on a Mag-
netic Properties Measurement System (MPMS 3 SQUID,
Quantum Design) in the zero-field-cooling (zfc) and field-
cooling (fc) conditions in the temperature range of 1.8–
15 K in the magnetic field of 5 Oe. Also, magnetization
was measured in the zfc conditions at various fixed tem-
peratures between 2 K and 8 K by sweeping magnetic field
from 0 T to 14 T using the VSM option of PPMS. Heat
capacity was measured using a relaxation-type calorime-
ter (HC option of PPMS, Quantum Design) at tempera-
tures between 1.8 K and 20 K in magnetic fields from 0 T
to 10 T.
III. RESULTS AND DISCUSSION
A. Synthesis and crystal structure
Although two crystallographic modifications of
Mo6Ga31 were reported, it is unclear, at which exper-
imental conditions they can be obtained separately.
Information on synthesis of the monoclinic Mo6Ga31 is
missing in the original study,10 while single crystals of
the triclinic Mo6Ga31 were obtained from the MoGa9Si
sample, where the Mo6Ga31 phase was a side product.
11
We systematically studied synthetic conditions, at which
single crystals of Mo6Ga31 can be obtained. The use
of excess of Ga metal leads to crystallization of the
Mo8Ga41 phase as the main product. Therefore, we
performed syntheses of samples with the stoichiometric
composition, while controlling the annealing tempera-
ture and the cooling rate. The annealing at 700 ◦C yields
polycrystalline Mo6Ga31, whereas single crystals can be
obtained by increasing the annealing temperature up
to 1000 ◦C. Single crystals of the monoclinic Mo6Ga31
were selected from the sample, which was allowed to
cool down to room temperature in the shut-off furnace
(fast cooling). Single crystals adopting the triclinic
structure were found in the sample, which was cooled
at the rate of 4 ◦C/h (slow cooling). In both cases, tiny
submillimeter-size single crystals were isolated. The
bulk specimen synthesized at 700 ◦C contains solely
polycrystalline Mo6Ga31.
Single crystals selected from the specimens were stud-
ied by single-crystal X-ray diffraction. Tables S1-S3 of
the Supporting Information summarize the results, which
are in good agreement with the previous reports,10,11
confirming the formation of two crystallographic mod-
ifications of Mo6Ga31. Here, we comment on the out-
standing complexity of the crystal structures: the mon-
oclinic structure contains 38 crystallographic sites [V =
2566.78(3) A˚3, Z = 4, 148 atoms in the primitive cell],
while there are 39 sites in the triclinic structure [V =
1282.75(2) A˚3, Z = 2, 74 atoms in the primitive cell].
Given this complexity, it is natural to assume the for-
mation of various types of defects in a polycrystalline
specimen.
Room-temperature HRPXRD pattern of polycrys-
FIG. 2. Experimental (black points) and calculated (red line)
HRPXRD patterns of Mo6Ga31 at room temperature. Posi-
tions of peaks are given by black ticks, and the difference plot
is shown by the black line in the bottom part of figure.
talline Mo6Ga31 is presented in Figure 2. The pat-
tern shows no secondary compounds, such as Mo8Ga41,
Mo3Ga, elemental Mo or Ga. However, all peaks show
significant broadening that could be ascribed to defects
within the monoclinic phase or to symmetry lowering to-
ward the triclinic structure. Indeed, Le Bail decompo-
sition returned similar profile R factors of Rp = 6.3,
Rwp = 9.2, and GOF = 2.1 for the monoclinic unit
cell, and Rp = 6.4, Rwp = 9.3, and GOF = 2.2 for
the triclinic unit cell. Under heating up to 700 ◦C, the
HRPXRD pattern remains qualitatively the same, while
reflections shift due to the monotonous increase of the lat-
tice parameters. Both temperature-dependent HRPXRD
and complementary DSC experiments show no hints for a
transformation between the triclinic and monoclinic poly-
morphs of Mo6Ga31 (see Supporting Information).
To gain insight into the local structure of polycrys-
talline Mo6Ga31, three-dimensional electron diffraction
was employed providing 3D structural information from
nm-size crystals. 3D ED data were collected on crys-
tallites with the lateral size of < 500 × 500 nm2 in or-
der to minimize the contribution of intergrowth and
twinning. While testing the lattice type, two types
of diffraction patterns with different unit cells were re-
vealed corresponding to the monoclinic and triclinic mod-
ifications of Mo6Ga31. Unit cell determination by the
REDp program14,22 yields a = 9.37(4) A˚, b = 16.18(6) A˚,
c = 16.48(1) A˚, and β = 94.7(1) ◦ for the mono-
clinic Mo6Ga31, and a = 9.37(5) A˚, b = 9.47(3) A˚,
c = 14.25(2) A˚, α = 85.6(2) ◦, β = 81.1(1) ◦, and
γ = 85.7(1) ◦ for the triclinic Mo6Ga31. Typical 3D
ED patterns of the triclinic structure are shown in Fig-
ure 3. The unit cell parameters are in good agreement
with the single-crystal XRD results within the accuracy
of the 3D ED method. EDX spectroscopy does not reveal
any difference in the chemical composition of the studied
4FIG. 3. Experimental 3D ED patterns of the triclinic
Mo6Ga31, and the corresponding image of crystallite. Red
dashed line shows the position of rotation axis towards the
reciprocal space of the sample.
crystallites (see Supporting Information). Based on the
HRPXRD, DSC, and 3D ED studies, we conclude that
both modifications of Mo6Ga31 are inherently present in
the bulk sample.
B. Electronic structure
Using the structural parameters obtained from the
single-crystal XRD data, we calculated electronic struc-
ture of Mo6Ga31. The triclinic and monoclinic modifi-
cations possess qualitatively the same density of states
(DOS), which is shown in Figure 4. At low energies
between -12 eV and -4 eV, mixing of the Ga 4s and 4p
states is observed with a small contribution of the Mo 4d
states. At higher energies between -4 eV and 4 eV, the Ga
4p and Mo 4d states contribute to the total DOS form-
ing the peak substructure. The Fermi level is located
at the peak yielding a high value of DOS at E = EF .
The calculated electronic structure of Mo6Ga31 is sim-
ilar to that of the Mo8Ga41,
6,9 Mo4Ga21−x−δSnx,4 and
Mo7Ga52−xZnx23 endohedral cluster compounds, which
also possess high DOS at EF . For Mo6Ga31, we find
N(EF ) = 13 st. eV
−1 f.u.−1 for the triclinic structure
and 17 st. eV−1 f.u.−1 for the monoclinic one. These
values yield the bare Sommerfield coefficient of 31 mJ
mol−1 K−2 and 39 mJ mol−1 K−2, respectively. For the
reported endohedral cluster superconductors, the value
of the density of states at the Fermi level correlates with
the observed critical temperature.1,4 Given the high DOS
at E = EF calculated for Mo6Ga31, which is compara-
ble with those of the Mo8Ga41 and Mo4Ga21−x−δSnx su-
FIG. 4. Electronic structure of the triclinic Mo6Ga31. Total
density of states is shown by the shaded area, the Mo and Ga
contributions – by the solid red and blue lines, respectively.
The density of states of the monoclinic structure is shown by
the dashed line. The position of the Fermi level is indicated
by the solid black line.
perconductors, we expect superconducting behavior for
both crystallographic modifications of Mo6Ga31. How-
ever, triclinic and monoclinic Mo6Ga31 should possess
slightly different superconducting-state parameters, in-
cluding the critical temperature, Tc, and full supercon-
ducting gap, 2∆(0)/(kBTc). Our HRPXRD and 3D ED
studies show that the triclinic and monoclinic structures
are in strong contact with each other in the bulk speci-
men. Due to the proximity effect,24 the superconducting
carriers travel coherently between two superconducting
phases, and thus, intermediate superconducting parame-
ters should be observed, corresponding effectively to one
superconducting phase.
C. Physical properties
Electrical resistivity of Mo6Ga31 follows metallic be-
havior at elevated temperatures. However, the ρ(T ) de-
pendence is extremely flat between 10 K and 300 K, and
shows the saturation behavior with increasing tempera-
ture. The small residual-resistance-ratio of 1.2 can be
paralleled to the peak broadening observed in HRPXRD
and caused by the coexisting domains of the monoclinic
and triclinic phases. At low temperatures, superconduct-
ing transition is observed with the low-temperature drop
of resistivity occuring between the onset temperature of
8.2 K and the final temperature of 7.8 K in zero magnetic
field. The increase of magnetic field shifts the transi-
tion to lower temperatures, and finally, no indications
of superconductivity are observed at temperatures above
1.8 K in the magnetic field of µ0H = 10 T.
The bulk nature of superconductivity is confirmed by
thermodynamic measurements (Fig. 6). Dimensionless
volume magnetic susceptibility shows diamagnetic shift
5FIG. 5. Electrical resistivity of Mo6Ga31 in zero magnetic
field. The inset shows the data at low temperatures in mag-
netic fields between 0 T and 9 T.
due to the Meissner effect below the critical tempera-
ture of Tc = 8.2 K in 5 Oe magnetic field. The zfc signal
of -0.94 at the lowest measured temperature indicates
large volume fraction of the superconducting phase. The
transition is broad with temperature and shows a pro-
nounced shoulder, which is presumably caused by the in-
homogeneities of the specimen. Volume magnetization,
which is shown in the inset of Figure 6, is characteristic of
type-II superconductors. Note that the logarithmic scale
is used in figure to represent the magnetic fields. In low
magnetic fields, 4piMV follows the linear behavior versus
µ0H below the lower critical field of µ0Hc1 = 70 Oe at
T = 2 K. With the increase of magnetic field, the nor-
mal state is achieved above the upper critical field of
µ0Hc2 = 6.5 T at T = 2 K. Between µ0Hc1 and µ0Hc2,
the volume magnetization exhibits intricate nonmono-
tonic behavior, which also evidences the presence of in-
homogeneities in the specimen.
The specific heat of Mo6Ga31 exhibits the supercon-
ducting anomaly located at Tc = 8.2 K in zero magnetic
field in good agreement with the resistivity and mag-
netization measurements. The increase of the magnetic
field shifts the transition to lower temperatures, which
simultaneously becomes smoothed (Fig. 7). The temper-
ature sweeps of resistivity and heat capacity measured
in various magnetic fields, as well as the field sweeps
of magnetization at constant temperatures were used to
extract the upper critical field of Mo6Ga31 as a func-
tion of temperature (Fig. 8). The µ0Hc2(T ) values,
which correspond to the onset temperature of the resis-
tivity drop, are larger than those from the magnetization
and heat capacity measurements indicating the so-called
µ0Hc3(T ) upper critical field of the surface superconduc-
tivity, which was also observed in the case of Mo8Ga41.
6
From the other hand, the temperatures, at which zero re-
sistance is achieved, yields µ0Hc2(T ), which are closer to
the thermodynamic measurements. The magnetization
and heat-capacity derived µ0Hc2(T ) values are in good
FIG. 6. Dimensionless volume magnetic susceptibility of
Mo6Ga31 measured in 5 Oe magnetic field in the zfc and fc
conditions. The inset shows volume magnetization measured
at T = 2 K. The arrow indicates the transition to the normal
state.
FIG. 7. Specific heat of Mo6Ga31 in various magnetic fields.
agreement with each other. Above these values, the bulk
of the sample is in the normal state. Interpolation of the
µ0Hc2(T ) values by the second-order polynomial yields
µ0Hc2(0) = 7.8 T at zero temperature, which is in good
agreement with the previous report.3 The µ0Hc2(0) value
corresponds to the Ginzburg-Landau coherence length of
ξ = 153 A˚ as calculated from the equation µ0Hc2(0) =
Φ0
2piξ2GL
, where Φ0 = h/2e is the flux quantum. At tem-
peratures above 6 K, µ0Hc2(T ) is linear with the slope of
ω = −1.2 T K−1. According to the Werthamer-Helfand-
Honenberg (WHH) model, the upper critical field can be
calculated as µ0Hc2(0) = −0.693ωTc = 6.8 T, which is
smaller than the extrapolated value of µ0Hc2(0) = 7.8 T.
This enhancement of the upper critical field may be due
to strong electron-phonon coupling.
To gain insight into the electron-phonon coupling
in the superconducting state of Mo6Ga31, the specific
heat data were analyzed. Figure 9 shows the spe-
6FIG. 8. Upper critical field of Mo6Ga31.
FIG. 9. Specific heat of Mo6Ga31 measured in 0 T and 10 T
magnetic fields. The inset shows the electronic contribution
to the total heat capacity in zero magnetic field. The red line
is a fit according to the α-model.
cific heat in superconducting (µ0H = 0 T) and nor-
mal states (µ0H = 10 T). The electronic specific heat,
which is shown in the inset of Figure 9, was calculated
as ∆Ce/T = ∆C/T (0 T) − ∆C/T (10 T) and analyzed
within the BCS-derived α-model.25,26 The fitting yields
the full superconducting gap of 2∆(0)/(kBTc) = 4.5, the
normalized specific heat jump of ∆Ce/(γNTc) = 2.3 at
T = Tc, and the normal-state Sommerfield coefficient of
γN = 67 mJ mol
−1 K−2. Remarkably, the transition is
smoothed with temperature, which is seen as the differ-
ence between the experimental data (black open circles
in the inset of Fig. 9) and the calculated specific heat
(solid red line) in the vicinity of the critical tempera-
ture, which may be caused by the coexisting domains of
the monoclinic and triclinic phases. Both the enhanced
value of ∆Ce/(γNTc) = 2.3, which is larger than the
weak-coupling BCS limit of ∆Ce/(γNTc) = 1.43, and
the large value of α = 2.25 point to the strong electron-
phonon coupling in the superconducting state. Using the
TABLE I. Normal- and superconducting-state parameters
of the Mo8Ga41,
6,7 Mo6Ga31, and Mo4Ga21−x−δSnx4 endo-
hedral cluster superconductors. m refers to the monoclinic
polymorph of Mo6Ga31, and t to triclinic.
Parameter Mo8Ga41 Mo6Ga31 Mo4Ga21−x−δSnx
Tc (K) 9.8 8.2 5.85
VEC (e per Mo) 21.375 21.5 21.85
µ0Hc2 (T) at T = 2 K 7.45 6.5 1.9
2∆(0)/(kBTc) 4.4 4.5 4.1
γN (mJ mol
−1 K−2) 99 67 39
γbare (mJ mol
−1 K−2) 52.7 31.1t/39.1m 20.0
λep 0.9 1.15
t/0.7m 0.95
bare Sommerfield coefficient of γbare = 31.1 mJ mol
−1
K−2 (triclinic structure) and 39.1 mJ mol−1 K−2 (mono-
clinic structure), the electron-phonon coupling constant
can be calculated as λep =
γN
γbare
− 1, which yields
λep = 1.15 and 0.7 for the triclinic and monoclinic mod-
ifications, respectively. Both values suggest strong or
moderate electron-phonon coupling. Thus, Mo6Ga31 is a
strongly-coupled superconductor similar to the Mo8Ga41
and Mo4Ga21−x−δSnx related compounds.4,6,7
In Table I, we compare normal- and superconducting-
state properties of Mo8Ga41, Mo6Ga31, and
Mo4Ga21−x−δSnx. The observed Tc values follow
the trend of decreasing the critical temperature with
increasing the valence electron count (VEC), which
was proposed for endohedral cluster superconductors.1
Moreover, it is obvious that the critical temperature
correlates with the value of DOS at E = EF : both γN
and γbare decrease with decreasing Tc. At the same time,
the values of full superconducting gap, 2∆(0)/(kBTc),
and electron-phonon coupling constant, λep, almost do
not vary in the series indicating that the strength of the
electron-phonon coupling in the superconducting state
has no significant impact on the critical temperature.
IV. CONCLUSIONS
In the paper, synthesis, structural characteristics, com-
putational electronic structure, and physical properties
of the Mo6Ga31 superconductor are reported. The bulk
type-II superconductivity is observed below the critical
temperature of 8.2 K in zero magnetic field, and be-
low the upper critical field of 7.8 T extrapolated to zero
temperature. Remarkably, the superconducting state is
in the strong-coupling regime with the large ratio of
2∆/(kBTc) = 4.5. This places Mo6Ga31 in line with
the Mo8Ga41 and Mo4Ga21−x−δSnx superconductors, for
which the strong electron-phonon coupling was also re-
ported. Interestingly, the critical temperture correlates
with the composition in the Mo8Ga41 (Tc = 9.8 K),
Mo6Ga31 (8.2 K), and Mo4Ga21−x−δSnx (5.85 K) series,
namely, with the number of Mo atoms per formula unit,
and with the density of states at the Fermi level. In the
7listed superconductors, Mo is placed inside the Mo@Ga10
endohedral clusters, where strong mixing of the Mo 4d
states and Ga 4p states yields peculiar electronic struc-
ture in the vicinity of the Fermi energy. The high den-
sity of states is observed at E = EF , which may be fa-
vorable for superconductivty. Moreover, the framework
composed of Mo@Ga10 clusters exhibits specific phonon
properties that give rise to the strong electron-phonon
coupling. Thus, Mo6Ga31 expands the family of Mo-
based strongly-coupled superconductors.
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